ABSTRACT This paper develops a composite tracking controller for a two-link manipulator. Because a completely accurate dynamic model for a manipulator is unavailable in practice and because a manipulator generally suffers from all types of unknown external disturbances from its working environment, a high-order disturbance observer (HODO) is introduced. Both the internal and external disturbances are regarded as a total compound disturbance to be estimated by the HODO. To achieve excellent tracking performance of a self-designed manipulator platform for any bounded initial state, a sliding-mode controller is proposed with disturbance estimation compensation. The bounded stability of the closed-loop control system is analyzed with the Lyapunov method. Finally, simulation results and experimental results are provided to demonstrate the effectiveness of the proposed tracking controller.
I. INTRODUCTION
With the continuous development of robotics, robots have found increasing applications in industry and daily life. As the operating terminal of a robot, the manipulator is an important research branch of robotics and has attracted considerable attention among engineers and scholars [1] - [3] .
The manipulator requires precise tracking of the given position instructions during the process of performing tasks. However, the manipulator system is a complex multivariable system with high order, nonlinearity, and strong coupling characteristics, and the dynamic parameters cannot be accurately described in practice, which is a difficult problem for controller design [4] , [5] . Furthermore, the manipulator inevitably suffers from various unknown disturbances, such as joint friction and load variation [6] , [7] . Therefore, studying an advanced control strategy to overcome the influence of these negative factors and realize stable tracking control of the manipulator is of great theoretical significance and has wide application prospects.
In recent years, many scholars have explored the related theory and practice of manipulator control problems from different aspects. The proportional-integral-derivative (PID) control of a single joint is a very common method that has the advantage of a simple principle and clear physical meaning [8] - [10] . Although the performance near the working point can be guaranteed in manipulator control, the PID control is essentially a linear control strategy [11] - [13] .
Consequently, during the process of fast and high-precision tracking, the control effect is often unsatisfactory and lacks dynamic compensation. Adaptive control theory plays an important role in addressing the uncertainties that exist in the manipulator system. Combined with other control methods, improved adaptive algorithms for manipulators are proposed, such as neural network adaptive control, fuzzy adaptive control and adaptive control under genetic algorithm [14] - [17] . Robust controllers are well known for their strong robustness, which ensures that the manipulator adapts to different working conditions. The tracking performance of a manipulator system under robust control is highly similar to that under PID control because of its conservative design idea [18] - [20] . At present, intelligent control methods, including fuzzy control and neural network control, have been successfully applied in a manipulator [21] - [23] . There is a significant advantage for intelligent control methods in that they are completely independent of the manipulator dynamic model [24] , [25] . However, such intelligent control methods are not easy to implement because of their complex principles and calculations.
Sliding mode control (SMC) is not sensitive to system uncertainties; thus, it has been widely introduced in tracking control for manipulators [26] - [28] . However, the intrinsically discontinuous switching characteristics of the sliding mode variable structure control may cause system chattering near the equilibrium point. The main methods presented to suppress chattering are the filter method, boundary layer method and disturbance observer method [29] - [31] . In general sliding mode control, a linear sliding mode surface is typically selected such that the tracking errors asymptotically converge to zero. To achieve exact tracking performance for a manipulator within a limited time, a terminal sliding mode controller was proposed in [32] . Additionally, a nonsingular terminal sliding mode controller was discussed in [33] to solve the singularity problem of the controller.
The rejection of system uncertainties and external disturbances is always a hot topic in the field of control. Active disturbance rejection (ADRC) consisting of a tracking differentiator (TD), extended state observer (ESO) and nonlinear state error feedback law (NSEFL) was first proposed in [34] . ADRC allows the uncertainty in the linear system to contain both the internal nonlinear time-varying dynamics and the external discontinuous disturbance [35] . A nonlinear disturbance observer was designed to estimate friction in the manipulator system in [36] . In [37] , a disturbanceobserver-based controller was developed for a flight vehicle under wind effects. For better disturbance estimation, assumed disturbance models were taken into consideration in observer design mainly in two forms: one assumes that the disturbance is generated by a linear exogenous system proposed in [38] , and the other approximates the disturbance by a polynomial series proposed in [39] . In [40] , disturbances were well approximated by the high-order disturbance observer (HODO) with given order, and the corresponding high-order differential of the disturbance is available. In general, the performance of disturbance estimation under HODO is considerably better because more disturbance prior information is introduced. Based on a finite-time disturbance observer, the disturbance estimation error converging to zero in a finite time was guaranteed rather than bounded stability in [41] .
Motivated by the aforementioned studies and achievements, a composite controller is developed in this paper for a two-link manipulator with system uncertainties and external disturbances. Although these problems can be mitigated to some extent due to the strong robustness of the sliding mode controller, a large controller gain is unavoidable, which exacerbates the system chattering. Therefore, in this paper, both the disturbance derived from the system itself and unknown external disturbances are equivalent to a total disturbance to be estimated by a disturbance observer, and the estimation value and estimation error are considered in sliding mode controller design to ensure the stability of the control system and excellent tracking performance. A rough system model is sufficient, and the system modeling error is compensated in the forward channel as an internal disturbance. Moreover, the composite controller proposed in this paper is easier to implement and extend to other control objects.
The remainder of this paper is organized as follows. The next section presents a detailed description of the selfdesigned manipulator platform and its dynamic model on the basis of the Lagrange method. The composite controller consists of a high-order disturbance observer, and the sliding mode controller is proposed in section 3. The simulation and experimental results are provided to demonstrate the effectiveness and robustness of the proposed controller in section 4 and section 5, respectively. Conclusions are drawn in the final section.
II. PLATFORM DESIGN AND PROBLEM FORMULATION
The two-link manipulator system is a typical mechanical system that has a simple structure, but at the same time, it is a highly coupled nonlinear dynamic system with abundant dynamic characteristics. Therefore, it is a representative mechanism for studying motion control.
A. SYSTEM DESCRIPTION
The basic framework of the manipulator system is illustrated in Fig. 1 . It is a simplified control system that consists of a controller, amplifier, plant (for the manipulator object, the actuator is combined with itself) and sensor. According to this framework, a practical two-link manipulator system is designed, which is shown in Fig. 2 . By comparing Fig. 1 and Fig. 2 , it is not difficult to find that part A, part C and part D correspond to the controller, amplifier and manipulator plant, respectively. Part B is the RS485 data transmission bus used to transmit the control signal and realtime measurement from the encoder. Each joint of the two-link manipulator contains a motor, an encoder and a coupling. The encoder is the main sensor element to feedback the angular position and angular velocity of joint motion, and its performance determines the quality of the system state detection to a great extent. The mass of the wood connecting rod is much less than that of the motor and metal block at the end of the manipulator. Without loss of generality, we can assume that the mass of the link is concentrated at the end, which simplifies the establishment of the dynamic model. The masses of the first link and second link are 2.148 kg and 0.114 kg, respectively. The lengths of the first link and second link are 0.1 m and 0.255 m, respectively.
As shown in Fig. 4 , a supporting software is designed for the convenience of the following control research. The real-time system states, including the angular position and angular velocity for each joint, are displayed directly, and the motion trajectory is recorded to determine whether the control method is valid. 
B. DYNAMIC MODEL
Based on a reliable mathematical model, a variety of control methods can be applied to achieve the control goal. Studying the dynamics of the manipulator system has both important theoretical significance and practical value.
The Newton-Euler method and Lagrange method are representative conventional dynamic modeling methods for the manipulator [42] . When solving the problem of dynamics with the Newton-Euler method, each component of the system should be considered as a substructure, and each dynamic equation is established. Then, the dynamic equation of the entire system is obtained, but there is a certain amount of calculation for solving differential equations. It is relatively simple to adopt the Lagrange method, which only needs the kinetic energy and potential energy of the entire system.
A simplified diagram of the two-link manipulator is shown in Fig. 5 , where we do not take mechanical deformation into consideration. θ 1 and θ 2 are the angular positions for link 1 and link 2, respectively. We define inverse clockwise motion as the positive direction. m 1 , m 2 and l 1 , l 2 are the masses and lengths of the two links, respectively. (x 2 , y 2 ) denotes the end coordinate of the manipulator. g is the gravitational constant. According to the Lagrange equation, the dynamic description of the two-link manipulator can be expressed as [42] d dt
whereθ i is the i th joint angular velocity. T and U are the total kinetic energy and potential energy of the system, respectively. Here, T = T 1 + T 2 , and U = U 1 + U 2 . T 1 , T 2 and U 1 , U 2 represent the kinetic energy and potential energy of the two links, respectively. τ i is the corresponding torque applied to the i th joint. Defining the horizontal plane of the x-axis as a zero potential energy surface, for the first link, we can easily obtain
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and
To calculate the kinetic energy of the second link, we first write the coordinates and linear velocity of the end as [43] 
where v 2 is the velocity at the end of the manipulator. The kinetic energy and potential energy of the second link can be given by
Invoking (1), (2), (3), (6) and (7), the two-link manipulator model can be obtained as [43] 
where
is the symmetric inertial matrix of the system, H (θ,θ) ∈ R 2 is the so-called centrifugal force and Coriolis matrix and G(θ) ∈ R 2 is the gravitational term. The corresponding items are represented as follows [43] :
The exact model of the system is difficult to obtain in practice. There are modeling errors and unmodeled dynamics, which can be regarded as internal disturbances. Furthermore, the manipulator system suffers from various unknown disturbances in complex environments, such as friction and variation in load, and these can be attributed to external disturbances.
For such an actual system with modeling errors and external disturbances in Fig. 2 , the standard dynamic model is transformed into
J 0 (θ), H 0 (θ,θ) and G 0 (θ) are nominal model parameters.
In the process of controller design, only a nominal model is available. J 0 (θ ), H 0 (θ,θ) and G 0 (θ) are modeling errors. τ d is an unknown time-varying disturbance.
as the total unknown disturbance; then, equation (10) is rewritten as
As a result of these difficulties, seeking more effective and easily implementable control methods is an open problem.
C. CONTROL OBJECTIVE
The control objective of this paper is to design a composite controller for system (12) in the presence of modeling errors and unknown external disturbances via a sliding mode controller and high-order disturbance observer. Both the angular position and angular velocity for each joint can track the reference signal, and the tracking error is as small as possible. Furthermore, the closed-loop control system is also required to be robust such that it can be verified in the real system shown in Fig. 2 .
III. DESIGN OF COMPOSITE CONTROLLER
System (12) can be rewritten as a form of state space:
T denotes the system state variable, and
In this section, a composite controller is developed to solve the tracking problem for a two-link manipulator with uncertainties and disturbances. Fig. 6 presents the control structure, where a high-order disturbance observer is introduced to estimate the total system disturbance denoted byD, which is considered as feedforward compensation. The bounded stability of all system states in closed-loop is realized by the sliding mode controller.
A. HIGH-ORDER DISTURBANCE OBSERVER
Assumption 1: The unknown compound disturbance D in (13) is r th differentiable and has a bound given by
where µ is the upper bound of D (r) . Taking the disturbance model into consideration, the unknown disturbance D in (13) can be generated by the following linear system [40] :
where ζ is the auxiliary variable, ζ ∈ R 2r , D (r) denotes the r th derivative of D, W ∈ R 2r×2r , E ∈ R 2r×2 , and L ∈ R 2×2r . These matrices have the following special forms:
Invoking (13) and (15), we obtain an extended system [40] 
. Before designing the disturbance observer, we introduce a new auxiliary variable z as follows:
where p(x 2 ) is a polynomial vector to be designed. Differentiating (18) with respect to time and invoking (13), (15) , and (17) yields
where l(z 1 ) = ∂p(z 1 ) ∂z 1
and T = Wp(z 1 ) − l(z 1 )(f + Lp(z 1 )). To effectively estimate the unknown disturbance D, a highorder disturbance observer is developed as [40] 
Define the estimation error
Considering (17) and (20) , the derivative of error can be written aṡ (22) Effective disturbance estimation can be achieved by designing l(z 1 ), which means that the eigenvalues of W − l(z 1 )L are all designed in the left half-plane; consequently, the error system (22) is bounded-input bounded-output (BIBO) stable. Furthermore, the disturbance estimation error defined asD = D −D can converge to a small neighborhood of equilibrium point and satisfies
where σ is the unknown upper bound of the disturbance estimation error.
Remark 1:
The observer system bandwidth can be improved by choosing the dominant pole of the error system (22) far away from the imaginary axis, which also means better performance of the observer in general. Meanwhile, the disturbance observer with a high system bandwidth is more sensitive to noise. Therefore, how to make the choice depends on the performance and requirements in the actual system.
Based on the method of undetermined coefficients, it is not difficult to obtain an appropriate solution of l(z 1 ). If l(z 1 ) is available, then we obtain p(z 1 ) naturally by l(z 1 ) = ∂p(z 1 ) ∂z 1 . Note that when the order is higher than third-order, the calculation will be very complicated.
B. SLIDING MODE CONTROLLER
A sliding mode tracking control scheme is designed for the two-link manipulator in this part. The general sliding mode control method is mainly divided into the following steps. First, a sliding mode surface is designed according to the system states. Second, an appropriate reaching law is chosen to ensure that the system can quickly reach the sliding mode surface. Third, a control law can be derived from the previous two steps. Finally, some measures are taken to reduce system chattering.
Define the angular position tracking error as
where θ d is the desired angular position signal. The general sliding mode surface is chosen as [44] s = cθ +θ (25) where c = diag(c 1 , c 2 ) > 0 is a control parameter to be designed. The reaching law is chosen in terms of exponential convergence, given by [44] where ε = diag(ε 1 , ε 2 ) > 0 and k = diag(k 1 , k 2 ) > 0 are both parameters to be designed, sgn is the symbolic function, and sgn(s) = sgn(s 1 ) sgn(s 2 ) T .
Considering (13) and (24), the derivative of (25) with respect to time can be expressed aṡ (27) Invoking (20), (26) and (27) , the composite controller is designed as (28) whereσ is the approximation of the unknown upper bound σ , and the adaptive law is designed aṡ σ = λ s (29) where λ > 0 is a constant to be designed. By substituting (29) into (27), we obtaiṅ
Theorem 1: Consider the two-link manipulator system with compound disturbance including internal disturbance and external disturbance in (13) . The composite controller is designed under high-order disturbance observer (20) , sliding mode tracking control law (28) , and adaptive parameter update law (29) . Design parameters l(z 1 
2 ) > 0 and λ > 0 exist for any initial condition such that all the states in the closed-loop system are bounded stable, and the tracking errors are convergent.
Proof: The Lyapunov function candidate is chosen as
whereσ denotes the estimation error of σ ,σ = σ −σ , σ =σ −σ = −σ because σ is a constant. Differentiating (31) with respect to time and considering (29) and (30) result iṅ
From (32), we have that V is convergent, and the tracking errors are also convergent; thus, the control objective is achieved. The proof is completed.
The symbolic function in controller (28) is more likely to induce system chattering in the process of tracking. Thus, we replace sgn(s) with a novel saturation function, given by [45] 
where φ > 0, denoting the width of the boundary layer, is a constant to be designed. Compared to the traditional saturation function, this one achieves faster convergence when the system states are close to the sliding mode surface.
IV. SIMULATION RESULTS
In this section, the numerical simulation results of tracking control for the two-link manipulator under the proposed composite controller are presented. The tracking performance on the basis of the composite controller (CC) is compared with that of the famous computed torque controller (CTC) in different cases. The system model parameters are all selected according to the actual system in Fig. 3 , and they are shown in Table 1 . Assume that modeling errors and time-varying disturbances acting on the two links exist, described by
For simulation purposes, the initial states of the system and the expected tracking signal are chosen as
The computed torque control law is designed as (36) where k p and k v are design parameters chosen as k p =  diag(150, 150) and k v = diag(50, 50) .
The parameters related to the high-order disturbance observer are given as follows:
The parameters related to the sliding mode controller are provided below:
All different cases are executed under the fixed control parameters above such that the robustness of control system can be tested.
A. CASE WITHOUT DISTURBANCE
In this case, we suppose that there are no modeling errors and no external disturbances in the two-link manipulator system. Two groups of simulation results are shown in Fig. 7-Fig. 10 under the computed torque controller and composite controller. Both angular position and angular velocity can track the fast time-varying reference signal smoothly, and there is almost no overshoot in the case of large initial errors. As shown in Fig. 7 and Fig. 9 , the angular position tracking errors converge in an exponential form, and the convergence time is less than 1 second. Fig. 8 and Fig. 10 present the comparative results between CTC and CC, where the tracking of angular velocity is more accurate and stable under CC. 
B. CASE WITH DISTURBANCE
It can be found from the previous discussion that a general controller is sufficiently effective for the manipulator system in the ideal case. However, an entirely accurate system model is not available because of the complexity of the mechanical structure and friction. To further illustrate the robustness of the control system, in this case, we consider the manipulator system with modeling errors and disturbance described in (34) . Our control objective is to achieve a stable and effective tracking for the manipulator system. The simulation results under CTC are shown in Fig. 11 and Fig. 12 , and the simulation results under CC are provided in Fig. 13-Fig. 17 . As shown in Fig. 11 and Fig. 12 , the modeling errors and external disturbances degrade the tracking performance under CTC, which is in sharp contrast with the ideal case. Fig. 13 and Fig. 14 indicate that the proposed composite controller maintains good tracking performance because total disturbance compensation is introduced. The compound disturbance (the solid line) and estimation (the dotted line) based on the high-order disturbance observer are shown in Fig. 15 . The high-order disturbance observer can effectively estimate unknown time-varying disturbance within tolerable errors, as shown in Fig. 16 . The observer still has a strong estimation ability, even if it is designed under a theoretical disturbance model.
As shown in Fig. 17 , the control input applied in the two links is quite smooth and continuous, which demonstrates that the composite controller is easy to be realized in actual systems. The excellent tracking performance in different cases reflects the strong robustness of the proposed controller. Simulations and debugging will play a guiding role in the experiments in the next section. 
V. EXPERIMENTAL RESULTS
Tracking control of the manipulator system subject to modeling errors and unknown external disturbances is studied in this section. The system structure and system parameters have been described in detail in the previous section. Two groups of contrast experiments in an actual system are designed to validate the effectiveness and robustness of the proposed controller.
Both CTC and CC are realized in an advanced programming language according to the strict theoretical deduction above. The difference is that in the computer system, differentiation is not available, which can only be approximated by difference. The control cycle of the system should be as short as possible, which is designed to be 25 ms in our system.
Remark 2: Note that the proposed controller is easy to be implemented in actual systems because the tuning process is quite convenient. All the experimental results are obtained on the basis of the control parameters selected in the simulation except for the observer gain. The observer gain is limited by system noise existing in actuators and sensors.
All the eigenvalues of equation (22) 
The initial states and reference signals in the step response case are chosen as follows:
Step response based on CTC.
FIGURE 19.
Step response based on CTC. and the periodic response case:
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FIGURE 22.
Step response based on CC.
FIGURE 23.
The experimental results under CTC are provided in Fig. 18-Fig. 21 , and the experimental results under CC are shown in Fig. 22-Fig. 29 . In addition to the modeling errors of the system itself, an external disturbance torque is applied artificially at 15 seconds. Comparing Fig. 18 with Fig. 22 , we find that the tracking performance under CTC is clearly not consistent with expectations and even worse after being disturbed. Fig. 22 and Fig. 23 show that the proposed controller has a strong ability to suppress disturbances.
Periodic response based on CTC is shown in 20. It can be observed that there is still a phase lag in such a Step response based on CC.
FIGURE 25.
Step response based on CC. large control gain because of all types of uncertainties and disturbances. However, both the dynamic and steady performance are excellent and satisfy the control objective under the proposed controller shown in Fig. 26 and Fig. 27 . Total disturbances (even the sudden disturbance) applied in the manipulator system can be well estimated online by the high-order disturbance observer, as shown in Fig. 24 and Fig. 28 . As shown in Fig. 25 and Fig. 29 , the control values computed by the composite controller are smooth, which avoids unnecessary system chattering. Comparison experiments with typical cases indicate that the proposed controller is effective and easy to be realized.
VI. CONCLUSION
A composite controller consisting of a disturbance observer and sliding mode controller for a two-link manipulator has been proposed in this paper. Considering that an accurate dynamic model is unavailable in reality and that the manipulator suffers from unknown time-varying disturbances from its complex working environment, a high-order disturbance observer has been developed. Supplemented by the disturbance estimation, the sliding mode controller can reject the unknown disturbances, and the tracking performance is guaranteed. The simulation results and analysis have shown that the proposed controller inherits the advantages of the disturbance observer and sliding mode controller. Furthermore, the practicality and effectiveness of the composite controller have been demonstrated through experiments.
